Introduction
Listeria monocytogenes, a Gram-positive facultative intracellular bacterium, is associated with serious infections in immunocompromised individuals, newborn children, the elderly and pregnant women (10, 11, 25, 27) . The murine experimental equivalent of listeriosis represents one of the best-understood bacterial infection models to date (30) . In addition, various extensively studied tissue culture systems have revealed the Listeria infection cycle and the key components essential for it (for review see: Vazquez -Boland et al (36) .
During this work it became clear that Listeria, when interacting with a particular host cell, induces strong reactions within this cell (see for example (23, 29) ). This is, on the one hand, due to host cell receptors, like toll like receptors, scavenger receptors or to uncharacterized intracytosolic receptors that interact with bacterial components (12, 23) . On the other hand, virulence factors have been shown to also induce specific signal cascades upon encountering the host cell surface. The spectrum of such events ranges from rearrangement of the cytoskeleton induced by the internalins (3, 6, 15) to induction of apoptosis of dendritic cells (DCs) and T cells by listeriolysin (17, 18) . In addition, it is well established that Listeria provokes the secretion of several cytokines in macrophages (10, 21, 34) and the up-regulation of cell adhesion molecules on endothelial cells (9) .
Despite of these extensive studies, little is known about the immediate in vivo effects of Listeria on cells that are encountered first during infection i.e the macrophages that are responsible for the removal of the bacteria from circulation. Induction of proliferation and migration within the spleen has been described (5, 26) . Similarly, the early production of pro-inflammatory cytokines has also been ascribed to them (7, 35) . In vitro it was observed that CCL2 is amongst the inflammatory cytokines and chemokines instantaneously produced by primary macrophages and macrophage lines upon Listeria infection (13, 29, 30) (unpublished data). In agreement, a protective role of CCL2 in murine listeriosis has been observed recently (31) . Therefore, we wanted to investigate whether macrophages are responsible for the production of this mediator in the early phase of listeriosis in vivo. Results showed that expression of CCL2 at 4h post infection (p.i.) was restricted exclusively to ERTR-9 + macrophages of the marginal zone (MZ), which also was the population exclusively infected at this time point. Interestingly, experiments with mice in which CCL2 was depleted by administration of specific antibodies demonstrated that CCL2 is specifically involved in the activation of the ERTR-9 + macrophage population to migrate into the infectious foci. 
Materials and methods
Bacterial strains and culture: Wild type strain L. monocytogenes EGD-e serotype 1/2a was used in all experiments. Bacteria were grown in BHI (brain heart infusion) broth at 37 o C overnight, then suspensions were diluted 1/5 in fresh medium and incubated for two hours at 37 o C, until they reached mid-log phase. Depending on the experiment, bacteria were washed and resuspended in PBS.
Mice: Female BALB/c mice were purchased from Harlan (Borchem, Germany) and used at the age of 10-12 weeks.
Antibodies: rat-anti-mouse ERTR-9 biotin (BMA Biomedicals), rat-anti-mouse MOMA-1 biotin
rat-anti-mouse Gr-1 PECy7 (eBioscience), rat-anti-B220 CyChrome (Pharmingen), hamster-antimurine-CD3 (Pharmingen), goat-anti-hamster Cy5, rat-anti-mouse DX5 (Pharmingen), CD11b Results were normalized using the housekeeping gene RPS9
In vivo infection: BALB/c female mice were infected intravenously (iv) with 100xLD 50 (5x10 (penicillin 100μg/ml, streptavidin 100μg/ml, gentamycin 20 μg/ml), erythrocytes were lysed for 2 min in ACK buffer, and then washed three times in PBS containing EDTA. Cell suspensions were then used for a FACS analysis or cell sorting.
Polyclonal Abs treatment:
To neutralize mouse CCL2, affinity purified polyclonal goat antibodies against murine CCL2 (R&D Systems) were used. 10µg were injected iv in 100 µl of sterile PBS 1 hr before bacterial infection. Animals were infected iv with 5x10 5 
Results

Clustering of splenic macrophages after infection with L. monocytogenes
The established regulation of the pro-inflammatory cytokines and chemokines after Listeria infection should result in a severe repositioning of cells in the spleen due to migration and influx of leukocytes and lymphocytes. Indeed, when immune histology was employed a severe restructuring of the spleen was observed. At 4h after intravenous injection of (i.v.) 5x10 Staining of laminin, which detects the endothelial cells of inner membranes and blood vessels, revealed that generally the splenic marginal sinus is in the middle of the cluster (Fig. 1B) . Thus, the clusters surrounding infectious foci are formed in the area of marginal zone.
Importantly, identical clusters were observed when mice were infected with 2x10 3 bacteria.
However, their formation required three days to be completed (data not shown). 
Exclusive infection of ERTR-9 + macrophages by L. monocytogenes
The marginal zone of the spleen is the area where the closed blood circulation opens into the splenic sinus. Therefore, both ERTR-9 + as well as MOMA-1 + macrophages should be exposed to blood borne pathogens after i.v. infection. However, in the case of Listeria, apparently only one type of macrophage is infected at 4h pi. Co-staining of splenic cryosections for macrophages and Listeria revealed that bacteria were only found associated with ERTR-9 + macrophages ( Fig. 2A) , not CD11b + cells. Even when other cell types appeared to co-localize with Listeria, larger magnifications revealed that the bacteria are in long cellular extensions of ERTR-9 + cells that might be in contact with many other cells in the spleen. This was confirmed by cell sorting and subsequent plating. At 4h pi Listeria were only recovered at significant numbers from the ERTR-9 + macrophages (Table 1) .
By 24h pi all bacteria were located within the clusters and are partially associated with ERTR-9 + cells. However, plating of sorted splenic cell populations revealed that now also other phagocytic cells were infected with Listeria (Table 1) .
Interestingly, MOMA-1 + macrophages that are at the beginning of the infection also located in the marginal zone were poorly infected, although they were able to phagocyte Listeria efficiently ex vivo (data not shown). Nevertheless, despite the lack of direct contact with the bacteria at the early phase of infection, MOMA-1 + macrophages become activated and migrated away from the large clusters into the B cell areas of the white pulp ( Fig. 1A and 2C ).
ERTR-9 + macrophages are responsible for early production of CCL2
CCL2 was found to be the first chemokine up-regulated in adherent splenocytes isolated from Listeria infected mice under our conditions (data not shown). Since CCL2 is a chemokine exhibited a significant up-regulation of CCL2 mRNA at 4h pi (Fig 3B) .
Importantly, when the same cells were isolated from mice that were infected with 2x10 3 Listeria expression of CCL2 mRNA at early time points could be detected exclusively in ERTR-9 + cells although the RT-PCR signal was low compared to the signal obtained with cells from mice infected with a high dose (data not shown).
Higher susceptibility of CCL2 depleted mice to infection by L. monocytogenes
Since the chemokine CCL2 that attracts macrophages is apparently up regulated already during the early phase of Listeria infection in the spleen of BALB/c mice, we decided to investigate the importance of CCL2 in the host defense against Listeria. To this end, CCL2 was depleted by injecting specific antibodies 1h before infection. Subsequently, mice were infected with 5x10 bacteria. An antibody dose of 10µg/mouse was chosen although already lower amounts were shown to neutralize completely the in vivo activity of CCL2 (22) . When 10 4 Listeria were injected into CCL2 depleted mice a higher susceptibility compared to controls was evident although the numbers of CFU were not dramatically different in both types of animals ( Figure 4 and data not shown). This is consistent with findings of Serbina et al (31, 33) . Unexpected discrepancy between bacterial CFU in spleen and mortality of infected mice was similarly found by Depaolo (8) in case of Salmonella infection. The reason for this phenomenon is not clear so far.
Altered splenic cell composition in CCL2 depleted mice infected with L. monocytogenes
In view of the fact that depletion of the CCL2 chemokine alters defense against Listeria, it was important to verify the influence of anti-CCL2 treatment on cell composition kinetics in the infected spleen. Therefore, single cell suspensions were stained for cell surface markers of the major splenic cell populations. Consistent with a role of CCL2 at the early phase of infection, the most significant differences in cell composition were visible at 4h pi ( 
Effect of CCL2 depletion on the clustering of macrophages
Based on the differences described above, we decided to compare the architecture of the spleen after infection of control versus CCL2 depleted mice. Interestingly, in CCL2 deficient mice, ERTR-9 + macrophages neither migrate nor form clusters during Listeria infection (Fig. 6A) . Less than 8% of ERTR-9 + cells are associated with clusters ( Fig. 6C ) and even at 24h pi the original marginal zone is still apparent. Nevertheless, cell clusters were formed independently of ERTR-9 + cells in the marginal zone area and contained, like in untreated mice, CD11b + macrophages, Gr-1 + neutrophils and some T cells (data not shown) as well as bacteria. We observed no difference in migration of MOMA-1 + macrophages in both types of mice. These cells migrate to the B cell follicles in anti-CCL2 Abs treated mice as well as in untreated mice (Fig. 6B) . These results suggest a strong influence of CCL2 chemokine on ERTR-9 + marginal zone macrophage activation and migratory capacities. Listeria was also observed in vitro (unpublished data), (13, 31) and ex vivo using splenic adherent cell population isolated from infected BALB/c mice (unpublished data). Immediate up-regulation of CCL2 was independent of whether a lethal or sublethal dose was employed for infection.
Thus, our data also show that ERTR-9 + macrophages of the marginal zone are the major producers of CCL2 at the early stage of infection. This implies that direct infection with Listeria is required for initiation of CCL2 production.
The early expression of the pro-inflammatory chemokine CCL2 by infected ERTR-9 + marginal zone macrophages suggests it's important role in innate host defense. Indeed, antibody depletion of CCL2 strongly enhanced the mortality of BALB/c mice infected with Listeria. Consistently, a 
